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Abstract. In Xenopus laevis oocytes, activation of an-
giotensin II (AII) receptors on the surrounding follicu-
lar cells sends a signal through gap junctions to ele-
vate cytoplasmic calcium concentration ([Caz+];)within
the oocyte. The two major candidates for signal trans-
fer through gap junctions into the oocyte during AII
receptor stimulation are Ins(1,4,5)P3 and
Call
. In
[3H]inositol-injected follicular oocytes, All stimulated
two- to fourfold increases in phosphoinositide hydroly-
sis and production of inositol phosphates. Injection of
NGIOTENSIN II (All)' stimulates a variety of physio-
logical responses in different tissues and is a major
regulator of bloodpressure and extracellular volume
(8, 9). Specific plasma membrane receptors for All are cou-
pled to phosphoinositide hydrolysis and Call mobilization
in smooth muscle, adrenal, liver, heart, kidney, and brain.
We recently demonstrated that the follicle cells surround-
ing Xenopus laevis oocytes possess
All
receptors which,
upon activation, elevate the intraoocyte Ca2+ concentration
([Caz+];) (45). These [Caz+] ; responses were blocked by oc-
tanol treatment and intracellular acidification, maneuvers
that inhibit cell coupling through gap junctions. Cell-cell
communication through gap junctions between follicle cell
microvilli and the oocyte has been suggested to occur in both
the amphibian and mammalian ovary. Such a mechanism
would permit significant exchange of molecules between the
follicle cellsand the ovum during oocyte maturation and de-
velopment (7, 23, 30, 49).
Gap junctions are permeable to several cytoplasmic ions
and molecules including nucleotides (49), sugars (43),
amino acids, and small peptides (28, 50) . Recently, gapjunc-
tions between hepatocytes were shown to be permeable to
physiological concentrations of Ca2+ and inositol 1,4,5-
trisphosphate (Ins[1,4,5]P3) (46) . Since AII receptors in
other tissues are coupled to the phosphoinositide signaling
pathway, two candidates for transfer from follicular cells to
the oocyte through gap junctions during AII-receptor stimu-
1. Abbreviations used in this paper: All, angiotensin II; [Ca2+]i, cytoplas-
mic calcium concentration; MBS, modified Barth's solution.
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the glycosaminoglycan, heparin, which selectively
blocks Ins(1,4,5)P3 receptors, prevented both All-
stimulated and Ins(1,4,5)P3-induced Cal' mobilization
in Xenopus follicular oocytes but did not affect mobili-
zation of Ca2+ by ionomycin or GTR These results in-
dicate that the AII-regulated process of gap junction
communication between follicular cells and the oocyte
operates through an Ins(1,4,5)P3-dependent mechanism
rather than through transfer of Cat+ into the ooplasm
and subsequent Ca2'-induced Caz+ release.
lation are Ins(1,4,5)P3 and Cal+. The glycosaminoglycan,
heparin sulfate, is a potent and selective inhibitor of
[3H]Ins(1,4,5)P3 binding to high affinity sites in rat cerebel-
lar membranes (59) and in the bovine adrenal cortex (22) .
Heparin also inhibits Ins(1,4,5)P3-induced Cal+ release in
several microsomal preparations (20, 26) and permeabilized
cells (20, 24, 38). In the present study, we demonstrate that
activation of AII receptors is coupled to phosphoinositide
hydrolysis and productionof inositol phosphates in follicular
oocytes. Heparin specifically blocks AII- and Ins(1,4,5)P3-
evoked Cal+ release in follicular oocytes, but not that
elicited by ionomycin and GTR These findings indicate that
the communication through gap junctions between AII-
stimulated follicularcellsand the oocyte operates through an
Ins(1,4,5)P3-dependent mechanism.
Materials and Methods
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[Vals]angiotensin (All) was obtained from Peninsula Laboratories Inc.
(Belmont, CA), and m-aminobenzoate, heparins, chondroitin sulfate,
hyaluronic acid, and GTP were obtained from Sigma Chemical Co. (St.
Louis, MO). Ins(1,4,5)P3, Ins(2,4,5,)P3, Ins(1,3,4,5)P4, fura-2, dextran
sulfate, and ionomycin were purchased from Calbiochem-Behring Corp.
(San Diego, CA). Aprotinin was purchased from Boehringer Mannheim
Biochemicals (Indianapolis, IN) and collagenase was from Collaborative
Research (Waltham, MA). [3H]Inositol (60 Ci/mmol) and [3H]Inositol
phosphate standards were obtained from Amersham Corp. (Arlington
Heights, IL). Albino Xenopus laevis frogs were purchased from Xenopus
I (Ann Arbor, MI). Modified Barth's solution (MBS) was composed of82.5
mM NaCl, 2.5 mM KCI, 1 MM M9C12, 1 MM CaC12, 5 MM Hepes, pH8, and 1 mM Na2PO4, pH 7.8. Ca-free MBS was prepared by substituting
MnC12 for CaC12. All other chemicals were of reagent grade. Aequorin
was obtained from Dr. John R. Blinks (Department ofPharmacology, Mayo
Foundation, Rochester, MN).
XenopusOocyte Preparation andInjection
Ovarian lobes were obtained from anesthetized (0.2% m-aminobenzoate)
Xenopus laevis frogs. Individual (stage V and VI) follicular oocytes were
microinjected and subsequently incubated in MBS supplemented with
aprotinin (100 kallikrein U/ml). Oocytes were manually defolliculated after
incubation with collagenase (2 mg/ml) for 1-2 h; we have previously shown
that suchtreatment does not impair theactivation ofAll receptors expressed
in oocytes from rat adrenal mRNA (45). Microinjections were performed
with a computerized pressure-controlled system (Atto Instrument Co.,
Potomac, MD) in which the injection volume was controlled in conjunction
with a television camera that monitored the meniscus on the injection pi-
pette. A Flaming/Brown micropipettepuller (model P-87; Sutter Instrument
Co., San Rafael, CA) was used to construct micropipettes (R6 customglass
tubing) (Drummond Scientific Co., Broomall, PA) with internal tip di-
ameter of 5-10 Am. The injected oocytes were kept in MBS at l8°C forthe
desired time, and healthy oocytes were transferred to fresh MBS daily. For
dose-response determinations, intraoocyte concentrations are based on the
assumption that the free intracellular volume equals 450 nl (11) and the in-
jection material is evenly distributed throughout the available cell volume.
Extraction and Separation ofInositol Phosphates
￿
Results
[3H]Inositol (5 x 105 cpm/oocyte), [3H]Ins(1,4,5)P3 (500 cpm/oocyte),
and [3H]Ins(1,3,4,5)P4 (500 cpm/oocyte) purified by HPLC (25) to ensure
<5 % contamination, were injected into oocytes and reactions were termi-
nated at selected times by adding an equal volume of 10% perchloric acid
to samples containing25 oocytes. After freezing, homogenization, and cen-
trifugation, supernatants were extracted with a 1:1 mixture ofFreon and tri-
n-octylamine (25) . After neutralization, samples were applied to an HPLC
column (Adsorbosphere SAX, 5 Am, 250 nmr, Alltech Associates, Inc.,
Deerfield, IL) andeluted with a linear gradient (10 mM/min) of ammonium
phosphate (1).
AequorinMeasurements
Aequorin was dissolved in 50 AM Hepes, 1 mM EDTA, and microinjected
into the oocytecytoplasm (33 ng/oocyte) alone or in combinationwith hepa-
rin and related compounds. Injected oocytes were individually transferred
to 20-ml glass scintillation vials containing 0.5 ml MBS and photon emis-
sion was measured at 6-s intervals for 2 min in a liquid scintillation counter
(model LS250; Beckman Instruments, Inc., Fullerton, CA) with the coinci-
Figure 1. (A) Time course
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Ins(1,4,5)P3 levels were measured in oocytes stimulated for 10 s with 500 nM All. Bars indicate the mean t standard error (SE) of data
from six independent experiments.
A
î
E
Û
Û
.52 É
ó s U
o vw
x
E
Û 300
L
L
200
a
n
nr 600
400
200
0
0
The Journal of Cell Biology, Volume 117, 1992
￿
158
dence gate switched off (44). These data wereexpressed asphotons emitted
per second or as fold (i.e., peak to basal) increases. In experiments involv-
ing measurements directly after microinjection, light emission was mea-
sured in a custom designed photon counter and was expressed incounts per
volt (Dr. Alec Eidsath, Department of Biomedical Engineering, National
Institutes of Health, Bethesda, MD) as previously described (45) .
Fluorescence Imaging
Oocytes were injected with 33 nl of 2 mM fura-2 0.5-4 h before imaging
with an Atto-fluor digital microscopy system (Alto Instruments, Rockville,
MD) . The system used an inverted epifluorescence microscope model íM-
35 ; Carl Zeiss, Inc., Thomwood, NY) and is described in detail elsewhere
(6). A 100 W mercury burner served as the source for excitation. Fura-2
was excited at 340 and 380 nm alternately, using 10-nm band pass interfer-
ence filters. Emission was selected by using a 510-nm-long pass filter and
was monitored with an intensified charged-coupled device (CCD) camera.
Oocytes were microinjected with 10 nl of specified compounds using a
micromanipulator and examined under a 6x objective lens. A calibration
standard curve was constructed with oocytes injected with known amounts
of 1 mM EGTA and 1 mM CaC12 (6). The autofluorescence of uninjected
oocytes wasdetermined and subtracted from the basal levels of fluorescence
from fura-2-injected oocytes.
AilStimulates Cal+Mobilization andInositol
PhosphateProduction
In follicular oocytes injected with the Cat+-specific pho-
toprotein, aequorin (45), agonist stimulation of All recep-
tors evokes [Cal+]i mobilization as evidenced by rapid and
transient increases in light emission (Fig. 1 A, inset).
Changes in [Ca2+]i levels are easy to detect but difficult to
quantitate with aequorin, since the amplitude of the signal
is proportional to the cube of the increase in [Ca2+] (4) . To
determine the actual changes in [Ca2+],, follicular oocytes
were injected with fura-2 and imaged with an Atto-fluor digi-
tal microscopy system. A maximal stimulatory concentra-
tion of All (500 nM) increased [Ca2+]i from 40 to 300 nM
(Fig. 1 A) . Measurements performed on 3-6 oocytes from
three different frogs indicated that a 116 f 19-fold light re-
Flinsponse to All corresponded to a 7.5 f 0.8-fold increase in
[Cal+];. The [Cal+]i response to All is similar to that previ-
ously observed in fura-2 injected oocytes (6) except that our
basal levels of [Ca2+]; are significantly lower; this difference
is attributable to our practice of subtracting oocyte
autofluorescence. The fura-2 assay is more cumbersome
(4-5 oocytes/h) compared with the aequorin method (20-30
oocytes/h) and is 15-fold less sensitive. Subsequent studies
were performed with the aequorin assay, which permitted the
generation of full-dose response curves on follicular oocytes
from the same frog within a 12-h period.
Because AII-induced [Ca2+]; signals vary markedly be-
tween frogs (45), we screened follicularoocytes from several
animals for high [Ca2+] ; responses to All (>20-fold in-
creases in light emission) before evaluating inositol phos-
phate production during All stimulation. Such follicular oo-
cytes were incubated for 24 h after microinjection with
[3H]inositol and then stimulated with 500 nM All for up to
20 min. Before All stimulation, follicular oocytes were
preincubated for 2 h with LiCl (40 mM) to inhibit 5-phos-
phatase activity and augment the agonist-stimulated levels of
Ins(1,4)P2 and Ins(1,3,4)P3 (16, 48) . There was a rapid rise
in the levels of InsP2 and Ins(1,3,4)P3 after stimulation by
All, to peak values at 30 s (Fig. 1 B) . In comparison, Ins-
(1,4,5)P3 levels were significantly lower (Fig. 1 B, inset) .
From the average of six separate experiments, Ins(1,4,5)P3
increased from background levels of 302 i 52 cpm to peak
levels of 605 f 74 cpm (n = 6, P < 0.05) at 10 s. At later
times (>1 min), the levels of InsP2 and Ins(1,3,4)P3 showed
a secondary rise that was slightly but consistently higher
than basal. This two- to fourfold increase in inositol phos-
phate turnover correlated with the 12-fold increase in light
emission observed in the same oocytes injected with aequo-
rin 24 h earlier (Fig. 1 A, inset).
We (45) and others (18) have previously demonstrated that
the majority ofthe All receptors in follicular oocytes are lo-
cated in the follicle cells surrounding the oocyte. Over the
last two years, we examined over 650 oocytes from 34 frogs
and found that defolliculation caused loss of the AII-evoked
Ca2+ responses in oocytes from 87 % of the frog population,
and that oocytes from 13% of frogs retained >30% of their
All-induced Ca2+ responses after defolliculation. These
findings suggest that a small population of frogs possess All
receptors located on the oocyte membrane as well as the fol-
licular cells, analogous to the two types of muscarinic recep-
tors in Xenopus oocytes (13, 32, 33). Lupu-Meiri et al. (32)
reported that the majority (90%) of frogs possessing mus-
carinic receptors (termed "common" donors) lose their re-
sponses after defolliculation while a small population of
frogs (termed "variant" donors) retain them. The authors
also state that different populations of frogs apparently con-
tain different proportions of common versus variant donors
which could explain the discrepancies in percentages of
common and variant populations between their work (32)
and that of others (29). Such an explanation could also ac-
count for the differences between our results showing that
oocytes from 29 out of 34 frogs (>20 oocytes/frog) lost their
All-induced Ca2+ responses and a previous report (58)
demonstrating that oocytes from three frogs retained 30-
100% of their AII-induced Ca2+-dependent chloride cur-
rents after defolliculation by collagenase treatment. These
findings suggest that
All
receptors located on the oocyte sur-
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Figure 2. (A) Dose-dependent inhibition of AII-induced Cal'
mobilization by heparin. Oocytes were coinjected with aequorin
(33 ng/oocyte) and increasing concentrations of heparin 1-4 h be-
fore All (500 nM) stimulation. The data are expressed as percent
of control light emission (27 f 2.4-fold stimulation) from
aequorin-injected oocytes. Each point representsthe mean f S.E.
of data from three to six oocytes. (B) Dose dependence of AII-
induced [Ca2+1i responses in the presence and absence of heparin.
Oocytes were injected with aequorin (33 ng/oocyte) (o) or coin-
jected with aequorin and heparin (2 ng/oocyte) (0) and stimulated
with increasing concentrations of All. Each point represents the
mean f SE of data from three to six oocytes and is expressed as
the fold stimulation (peak/basal) of light emission.
face may contribute to AII-induced Ca2+ responses to vary-
ing degrees depending on the frog population, and indicate
the need for appropriate controls for each populationof oo-
cytes. However, our experiments were performed in frogs
whose oocytes completely (>99%) lost both their All-
induced Ca2+ responses and inositol phosphate turnover
upon defolliculation, indicating that under these conditions
the contribution ofAll
receptors in the oocyte membrane to
intraoocyte Ca2+ responses would be minimal in this popu-
lation of frogs.
Heparin Inhibits AII-induced Ca2+ Mobilization
The glycosaminoglycan, heparin, interacts directly with the
Ins(1,4,5)P3 receptor and inhibits [Ca2 +]i responses to
Ins(1,4,5)P3 in permeabilized cells and microsomal prepa-
rations (20, 22, 24, 26, 38, 55, 59). To determine whether
Ins(1,4,5)P3 mediates the AII-induced increase in [Ca2+];,
follicularoocytes were coinjected with aequorin and increas-
ing amounts ofheparin (M, = 6,000) 1-4 h before All stim-
ulation. Under these conditions, AII-induced lightresponses
were completely inhibited by heparin at concentrations
above 70 ng/oocyte (Fig. 2 A). Half-maximal inhibition oc-
curred at 7 ng/oocyte, and assuming an even distribution of
heparin and a cytoplasm volume of 450 nl, the IC5o was
-15 lag/ml. This is similar to the IC5o values reported for
heparin's inhibition of Ins(1,4,5)P3-dependent [Ca2+], re-
lease in other cell types (20, 24, 38). Furthermore, low con-
centrations of heparin (2 ng/oocyte) shifted the All dose-re-
sponse curve to the right (Fig. 2 B), indicating that heparin
inhibits Ins(1,4,5)P3 binding to its receptor in a competitive
manner.
The inhibitory effect of heparin is not related to interfer-
ence in the aequorin assay, since similar lightresponses were
elicited by lysis (in 0.1% SDS) of follicular oocytes injected
with aequorin alone (523 f 63) and follicularoocytes coin-
jected with heparin and aequorin (499 f 54). Direct injec-
tion of CaCl2 evoked a more rapid (tpeak = 4 s) and transientFigure 3. (A) Time courses of
All- and Cal'-induced light
emission. Oocytes were in-
jected with aequorin (33
ng/oocyte) 1-4 h before All
(500 nM) stimulation or Cal'
(100 1LM) injection. The data
arefrom single oocyteswhich
are representative of data
from five oocyteseach andex-
pressed as the number of
counts per volt emitted per
second. (Inset) Time course of
evoked changes in [Ca2+]; af-
ter Call injection. The results
are from a single oocyte
whichis representative ofdata
from 5 oocytes injected with
fura-2 (2 mM) 1-4 h before direct Ca2+ (1.5 mM) injection. The data are expressed as the levels of [Caz+];. (B) Dose dependence of Caz+-
induced light emission in the presence and absence of heparin. [Caz+];-induced light emission was measured in control oocytes (aequorin
alone) (o) and in oocytes coinjected with heparin (330 ng/oocyte) and aequorin (e) 1-4 h previously. Such oocytes were injected with
33 nl of CaC12 solutions of the concentrations shown on the abscissa. Each point represents the mean ± SE of data from 3-6 oocytes
and is expressed as the fold stimulation (peak/basal).
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emission of lightthan All (treA = 22 s), reflecting the addi-
tional steps involved in receptor-mediated Ins(1,4,5)P,-
induced [Ca2+], mobilization (Fig. 3 A) . Large concentra-
tions of injected Caz+ (>1 mM) were required to evoke
measurable increases in [Ca2+]; in fura-2 injected follicular
oocytes, suggesting that injected Call was rapidly se-
questered, bound, or extruded (Fig. 3A, inset) . Heparin did
not inhibit light emission evoked by direct injection of Ca2+
(Fig. 3 B), and did not affect the time course of Ca2+-
induced light emission (data not shown). These findings
confirm that heparin does not interfere with Ca2+ binding to
aequorin in the oocyte.
We also examined heparin's effects on Caz+ mobilization
evoked by the Ca2+ ionophore, ionomycin. lonomycin in-
ducedarapidincrease in light emission whichwasmore sus-
tained (Fig. 4 A) than that observed with All stimulation
Figure 4. (A) Time course
of ionomycin-induced light
emission. Ionomycin (10 wM)-
induced light emission was
measured in oocytes injected
with aequorin 1-4 h previ-
ously.Thedata arefrom asin-
gle oocyte which is represen-
tative of 5 oocytes and are
expressed as the number of
photons emitted per second.
(Inset) Time course of iono-
mycin-evoked changes in in-
tracellular [Ca"] ; . The data
are from a single oocyte
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sultsfrom five oocytes injected
with fura-2 (2 mM) 1-4 h
before ionomycin (10 uM) stimulation, and are expressed as levels of intracellular Ca". (B) Dose-dependence of ionomycin-induced
[Ca2+]; responses. Light emission responses to increasing concentrations of ionomycin were measured in the absence (dotted lines) and
presence (solid line) of extracellular [Ca2+]; in control oocytes injected with aequorin alone (o) and in oocytes coinjected with heparin
(330 ng/oocyte) andaequorin (9) 1-4 hpreviously. Each point represents the mean f SE fold stimulation of peak light responses in three
to six oocytes.
I
￿
I
￿
I
￿
I
0 10 20 30
Time (min)
0
ó
_O
X
c
0
U
ó_
w
r
L
200
150
100
50
0
The Joumal of Cell Biology, Volume 117, 1992
￿
160
B
(Fig. 1A, inset) . Themaximum light responsesto ionomycin
were equivalent to twofold increases in [Ca2+], (basal, 110
t 24 nM; ionomycin, 240 f 52 nM; n = 6); an example
is shown in Fig. 4 A, inset. Comparison of the signals from
the Ca2+ indicators, fura-2 and aequorin, after ionomycin
and All stimulation demonstrated that aequorin is an order
of magnitude more sensitive to [Ca2+]; changes than fura-2.
Aequorin responses also show a different profile and are
larger with increasing stimulus concentrations. These find-
ings are consistent with previous reports comparing aequo-
rin and fura-2 Ca2+ signals (60) and probably result from
the ability of aequorin to detect relatively large but spatially
localized Ca2+ increases (4) which are not reflected in the
average [Caz+]; that is measured by fluorescent indicators.
Light responses were observed from 500 nM to a maxi-
mum at 10 /AM ionomycin, and ionomycin-induced lightTable L Specificity ofHeparin Inhibition ofAII-induced
* Concentrations >200,ug/ml were nottested becauseof limitations in solubil-
ity and injection volume.
Oocytes were coinjected with aequorin (33ng/oocyte), andincreasing concen-
trations of heparinand related compounds, 1-4 h before addition of AII (500
nM). Data are expressed as percent of control light responses (peak/basal:
31 f 3.5, n = 30)from aequorin-injected oocytes. IC3s values aredefined as
the concentration of inhibitor that reduced control responses by 50%.
emission considerably exceeded that elicited during maxi-
mum responses to AII. Both light responses and Cal+ levels
returned to basal levels after 30 min at maximal levels of
ionomycin. The ionophore concentration required for maxi-
mal [Caz+]i increases was fivefold higher than observed in
other tissues (39), probably reflecting the enclosure of the
oocyte by surrounding follicular cells. In Ca2+-free MBS,
ionomycin elicited a prominent albeit reduced increase in
[Ca2+], (Fig. 4 B). Heparin did not influence the time
course of ionomycin-induced light emission (data not
shown), nor did it affect the ionomycin-induced [Caz+];
mobilization in the presence and absence of extracellular
[Ca2+1, (Fig. 4 B) . This finding reflects the ability of the
ionophore to promote Ca2+ release from intracellular stores
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in addition to the agonist-sensitive pools, as well as Cal+
influx from the extracellular fluid (39) .
Heparin is a heterogenous mixture of linear polysaccha-
ride chains of varying lengths, saccharide composition, and
degree of N-acetylation and N-sulfation. Its binding to
Ins(1,4,5)P3 receptors is highly dependent on sulfation and
chain length, and decreases markedly with desulfation but
increases as the size of the heparin chain is reduced below
8-24 monosaccharide units(57, 59). In thefollicular oocyte,
desulfated heparinwassignificantly less effectiveas an inhib-
itor ofAII responses than heparin sulfate. We also observed
a clear dependence on chain length; the lower molecular
weight heparins were significantly more potent inhibitors
than thehigh molecularweight heparins on amass basis (Ta-
ble I), although the molar IC5o values were similar (-26
nM). Two other glycosaminoglycans, chondroitin sulfate
and hyaluronic acid, were without effect at concentrations as
high as 100 p,g/ml. This is consistent with their inability to
inhibit Ins(1,4,5)P3 binding and Ins(1,4,5)P3 induced Cat+
release in other tissues (20, 21, 24, 38, 59).
Heparin CompetitivelyInhibits Ins(1,4,5)Prinduced
Cal+ Mobilization
Heparin is known to inhibit Ins(1,4,5)P3-induced Caz+ re-
lease from permeabilized cells (20, 24, 38) and isolated
microsomes (20, 26, 57). We examined Ins(1,4,5)P3-
induced [Caz+]i release in follicular oocytes coinjected
1-4 h previously with aequorin and heparin. In control
oocytes (aequorin alone), injection of Ins(1,4,5)P3 (330 nM
intraoocyte concentration) induced rapid increases in light
emission which peaked within 1 min (Fig. 5 A, inset) and
150
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Figure 5. (A) Time course of Ins(1,4,5)P3-evoked changes in [Caz+];. The data are representative of [Ca2+], levels in five oocytes injected
with fura-2 (2 mM) 1-4 h before injection of Ins(1,4,5)P3 (10 AM) in the presence of 6 mM Call and also in Ca2+-free medium. (Inset)
Time course of Ins(1,4,5)P3-induced light emission. The time course of Ins(1,4,5)P3 (10 AM)-induced light emission is representative of
five oocytes and is expressed as the number of counts per volt emitted per second. (B) Dose dependence of Ins(1,4,5)P3-induced [Caz+J;
mobilization in the absence and presence of heparin. Light emission was measured immediately after increasing concentrations of
Ins(1,4,5)P3 were injected into control oocytes (aequorin alone) (o) and oocytes coinjected with aequorin and heparin (330 ng/oocyte)
(e) 1-4 h previously. Each point represents the mean fold stimulation of peak light responses f SE of data from three to six oocytes.
(Inset) Dose dependence of heparininhibition of Ins(1,4,5)P3-induced [Caz+]; mobilization. Lightemission was measured immediately af-
ter Ins(1,4,5)P3 (5 AM) was injected into oocytes coinjected with aequorin and increasing concentrations of heparin 1-4 h previously.
Each point represents the mean fold stimulation of peak light responses t SE of data from three to six oocytes.
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Figure 6. (A) Time course of Ins(2,4,5)P3-evoked changes in
[Ca2+];. The data are representative of results from five oocytes in-
jected with fura-2 (2 mM) 1-4 h before Ins(2,4,5)P3 (10 AM) stim-
ulation and are expressed as the levels of intracellular [Ca2+];. (In-
set) Time course of Ins(2,4,5)P3-induced light emission. The time
course of Ins(2,4,5)P3 (10 AM)-induced light emission is represen-
tative of results from five oocytes and is expressed as the number
of counts per volt emitted per second. (B) Dose dependence of
Ins(2,4,5)P3-induced [Ca2 +]i release in the absence and presence
of heparin. Light emission was measured immediately after in-
creasing concentrations of Ins(2,4,5)P3 were injected into control
oocytes (aequorin above) (o) and oocytes coinjected with aequorin
and heparin (330 ng/oocyte) (9) 1-4 h previously. Each point
representsthe mean fold stimulation of peak light responses f SE
of data from three to six oocytes. (Inset) Dose dependence of hepa-
rin inhibition of Ins(2,4,5)P 3-induced [Ca2+] i release. Light emis-
sion was measured immediately after Ins(2,4,5)P 3 (10 AM) was in-
jected into oocytes coinjected with aequorin and increasing
concentrations of heparin 1-4 h previously. Each point represents
themean fold stimulation of peak light responses f SE ofdata from
three to six oocytes.
were paralleled by increases in intracellular [Ca2+], in fura-
2-injected oocytes (Fig. 5 A). These responses occurred in
the absence of extracellular Ca2+, and were magnified (x2)
in high Ca2 + (6 mM) medium (Fig. 5 A). Measurements of
light emission in follicular oocytes injected with Ins(1,4,5)P3
showed that the magnitude of the [Ca2 +]i response and the
kinetics of peak formation were highly variable between
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frogs and individual oocytes, which prevented statistical anal-
ysis of the data. Ins(1,4,5)P 3-induced chloride currents are
also known to be highly variable and to depend upon the site
of injection, since most of the [Ca2+] i-regulated chloride
channels are located in the animal pole (31) . The concentra-
tion of Ins(1,4,5)P 3 required for a half-maximal aequorin
response was 20 AM (=1.5 Amol/oocyte) (Fig. 5 B). It is
noteworthy that AM concentrations of Ins(1,4,5)P3 evoked
detectable increases in [Ca2+];, whereas much higher (mM)
concentrations of Ca2+ itself were required for similar re-
sponses (Fig. 3) . In fura-2-injected follicular oocytes, Ins-
(1,4,5)P3 elicited dose-dependent increases in [Ca2+]; with
half-maximal effects at 50 AM, at which Ins(1,4,5)P3 concen-
trations evoked 17-fold increases in [Ca2+]i (data not shown) .
Heparin (M, = 6,000) reduced Ins(1,4,5)P3 (5 /AM)-
induced [Ca2+]; mobilization in a dose-dependent manner
(Fig. 5 B, inset) with maximal inhibition at 170 ng/oocyte.
The relatively high sensitivity of the Ins(1,4,5)P3 site to
heparin in oocytes is similar to that reported for inhibition
of Ins(1,4,5)P 3-mediated Ca2+ release in microsomal cell
fractions (20, 26). In the presence of heparin (330 ng/oocyte),
the Ins(1,4,5)P3 dose-response curve was shifted to the
right by approximately one order of magnitude. The inhibi-
tory effect of heparin could be overcome upon addition of
high doses of Ins(1,4,5)P3 (200 AM), reflecting a competi-
tive process (Fig. 5 B) .
Heparin Selectively Inhibits Ins(1,4,5)P3
Receptor-mediated Cal+ Mobilization
The specificity of heparin's interaction with the amphibian
Ins(1,4,5)P3 receptor is indicated by its ability to inhibit
[Ca2+] i responses induced by Ins(2,4,5)P3, which releases
Ca2+ by binding to the Ins(1,4,5)P3 receptor (15, 53). Injec-
tions of Ins(2,4,5)P3 evoked dose-dependent increases in
light emission in aequorin-injected follicular oocytes (Fig.
6 A, inset) and parallel increases in [Ca2+]; (Fig. 6 A), with
more sustained responses than those elicited by Ins(1,4,5)P3
in fura-2-injected follicular oocytes (Fig. 5 A). Ins(2,4,5)P3
elicited a smaller maximal response than Ins(1,4,5)P3 and
the increases in lightemission were shifted to the right (Fig. 6
B) compared with Ins(1,4,5)P3 (Fig. 5 B). Heparin blocked
this effect (Fig. 6 B, inset) in a less potent manner than
Ins(1,4,5)P3 (Fig. 5 B, inset), probably reflecting the slower
hydrolysis of Ins(2,4,5)P 3 by the 5'-phosphatase that de-
grades Ins(1,4,5)P3 (36). The inhibition by heparin could
be overcome by increasing concentrations of Ins(2,4,5)P3
(Fig. 6 B) .
It is well established that Ins(1,4,5)P3 releases Ca2+ from
a subpopulation of intracellular Ca2+ sequestering compart-
ments (21) . Recent studies have indicated that distinct com-
partments of releasable Ca2+ exist within permeabilized
cells, and that translocation of Ca2+ between them is medi-
ated by a GTP-activated process (37) . GTP or nonhydrolyza-
ble GTP analogues such as guanosine 5'-0-(3-thiotrisphos-
phate) (GTPyS) have been found to release Ca2+ in a
number of cells, including rat liver and vascular smooth
muscle cells (37, 38), in a manner distinct from Ins(1,4,5)P3-
induced [Ca2+] i release (10) . In follicular oocytes, GTR
induced light responses (Fig. 7 A, inset) paralleled the rapid
increases in [Ca2+] i (Fig. 7 A) which were more sustained
than observed with inositol phosphates. In these cells, GTP-
162Figure 7 . (A) Time course of
GTP-evoked changes in intra-
cellular [Ca"] ; . The data are
from a single oocyte whichis
representative of results from
five oocytes injected with
fura-2 (2 mM) 1-4 h before
GTP (1 mM) stimulation, and
are expressed as the levels of
[Ca"] ; . (Inset) Time course
of GTP-evoked changes in
lightemission. Light emission
was measured immediately
after GTP (1 mM) was in-
jected into oocytes injected
with aequorin 1-4 h previ
ously. The data are from a single oocyte which is representative of five oocytes and expressed as the number of counts per volt emitted
per second. (B) Dose dependence of GTPinduced [Ca"] ; release in the absence and presence of heparin. Light emission was measured
immediately afterincreasingconcentrations of GTP were injected into control oocytes (aequorin alone) (o) and in oocytes coinjected with
aequorin and heparin (330 ng/oocyte) (e) 1-4 h previously. Each point represents the mean ± SE of data from three to six oocytes and
is expressed as the fold stimulation above basal.
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mobilization was dose-dependent and resis-
tant to inhibition by heparin (Fig. 7 B) .
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Metabolism of Ins(1,4,5)P3 is known to proceed via two al-
ternative pathways involving either hydrolysis of the
5'-phosphate to generate Ins(1,4)P2 or phosphorylation by a
3-kinase to yield Ins(1,3,4,5)P4 (3). The formation of Ins-
(1,3,4,5)P4 in agonist-stimulated cells has led to the pro-
posal that this molecule could also have a messenger role in
Caz+ mobilization (42) . Microinjection of Ins(1,3,4,5)P4 in
follicular oocytes elicited a Cat+-dependent chloride cur-
rent in the absence of extracellular Call
(14, 41, 52, 54) .
These data and observations in sea urchin eggs (12), suggest
that Ins(1,3,4,5)P4 is capable of mobilizing intracellular
Call
stores.
Consistent with the electrophysiological data in Aenopus
oocytes, we found that Ins(1,3,4,5)P4 evoked a light re-
sponse (Fig. 8 A, inset) which paralleled the increases in
[Ca2+], (Fig. 8 A) . In comparison with Ins(1,4,5)P3 (Fig. 5
B), a fivefold greater concentration of Ins(1,3,4,5)P, was
required to evoke half-maximal [Caz+]; release (Fig. 8 B) .
The Ca2+ signals generated by Ins(1,4,5)P3 (Fig. 5 A) and
Ins(1,3,4,5)P4 (Fig. 8 A) exhibited different response ki-
netics. Typically, the response to Ins(1,4,5)P3 was a prompt
rise to a peak [Caz+] ; level followed by a relatively rapid de-
cay back to baseline levels (Fig. 5 A) . In comparison,
Ins(1,3,4,5)P4 evoked broader [Ca2+1, peaks. Furthermore,
high Ca2+ (6 mM) did not double the peak [Ca2+], levels ob-
served in follicular oocytes injected with minimal doses of
Ins(1,3,4,5)P4 in Caz+-free MBS (Fig. 8 A), in contrast to
the effects of extracellular Call on Ins(1,4,5)P3-induced re-
sponses of comparable magnitude (Fig. 5 A) .
This difference between the two inositol phosphates in
their dependencies upon extracellular Call can be com-
pared to the effect of extracellular Ca2+ on their respective
evoked chloride currents (14, 41, 52, 54). Electrophysiologi-
cal responses to Ins(1,4,5)P3 usually comprise two or more
components in which a transient current (I,) forms immedi-
ately followed by a subsequent phase characterized by oscil-
lations (12). Injection of Ins(1,3,4,5)P4 in contrast, usually
B
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results in only the 12 oscillatory phase; the rapid I, phase is
either absent or very small. Electrophysiological data from
oocytes injected with Ins(1,4,5)P3 show that Call-free medi-
um abolishes the Ins(1,4,5)P3-induced I, current while leav-
ing the 12 current intact. In comparison, extracellular Ca
ll
removal has little effect on the 12 current evoked by injection
of Ins(1,3,4,5)P4. These reports together with our results
suggest that Ins(1,4,5)P3 plays a role in Call entry whereas
Ins(1,3,4,5)P4 does not. This effect of Ins(1,4,5)P3 is only
observed at elevated extracellular Ca2+ levels (>3 mM) and
is consistent with the report that Ins(1,4,5)P3 activates a
Ca
ll
channel by a ligand binding mechanism (51).
Heparin inhibited Ins(1,3,4,5)P4-induced Call mobiliza-
tion (Fig. 8 B) with similar potency to that observed for inhi-
bition of Ins(1,4,5)P4-induced Call release (Fig. 5 B) . In-
creasing concentrations of Ins(1,3,4,5)P4 could overcome
the heparin inhibition (Fig. 8 B), suggesting that heparin is
acting competitively. These data can be accounted for by : (a)
major contamination of Ins(1,3,4,5)P4 with Ins(1,4,5)P3,
however, phosphate and nuclear magnetic resonance (NMR)
analysis indicate that the Ins(1,3,4,5)P4 preparation does
not contain other inositol phosphates (Calbiochem-Behring
Corp.) ; (b) extensive metabolism of Ins(1,3,4,5)P4 to Ins-
(1,4,5)P3 which then elicits Call release; (c) mobilization of
Call by binding of Ins(1,3,4,5)P4 to the Ins(1,4,5)P3 recep-
tor; or (d) direct interaction of Ins(1,3,4,5)P4 with its own
receptor. Specific Ins(1,3,4,5)P4 binding sites that are ap-
parently distinct from the Ins(1,4,5)P3 receptor site have
been identified in HL-60cells (5), ratbrain (56), and adrenal
cortex (15). Heparin has been reported to be a more potent
inhibitor of Ins(1,3,4,5)P4 than Ins(1,4,5)-mediated Call re-
lease from cerebellar microsomes (27), but appears to be a
relatively specific inhibitor of Ins(1,4,5)P3-induced Call re-
lease from adrenal microsomes (15) .
Metabolism of(3H]Ins(1,3,4,5)P4 and PH]Ins(1,4,5)P3
To investigate the first two possibilities, we injected [3H]-
Ins(1,4,5)P3 and followed its metabolism by HPLC analysis
under the conditions used in fura-2 and aequorin experi-
ments. During the 2-min period in which we observed All-
mediated [Caz+]; release, 3.5% of the [3H]Ins(1,4,5)P3 wasc
0
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Figure 8. (A) Time course of Ins(1,3,4,5)P3-evoked changes in
[Ca2+], in the absence and presence of extracellular Cat+. The
results are from single oocytes and are representative of data from
five oocytes injected with fura-2 (2 mM) 1-4 h before Ins-
(1,3,4,5)P3 (50 AM) stimulation in the presence of 6 mM Ca2+ and
also in Caz+-free medium. The data are expressed as the levels of
[Ca2+],. (Inset) Time course of Ins(1,3,4,5)P3-induced light emis-
sion. The time course of Ins(1,3,4,5)P3 (50 AM)-induced light
emission is from a single oocyte which is representative of five oo-
cyteseach and is expressed as the number ofcounts per volt emitted
per second. (B) Dose dependence of Ins(1,3,4,5)P3-induced Caz+
release in the absence and presence of heparin. Light emission was
measured immediately after increasing concentrations of Ins(1,3,
4,5)P3 were injected into control oocytes (aequorin alone) (o) and
in oocytes coinjected with aequorin and heparin (330 ng/oocyte)
(e) 1-4 h previously. Each point represents the mean fold stimula-
tion ofpeak light responses f SE of data from three to six oocytes.
(Inset) Dose dependence of heparin inhibition of Ins(1,3,4,5)P4-
induced [Caz+]; release. Light emission was measured immedi-
ately after Ins(1,3,4,5)P4 (50 AM) was injected into oocytes coin-
jected with aequorinand increasingconcentrations ofheparin 1-4 h
previously. Each pointrepresents the mean f SE ofdata from three
to six oocytes and is expressed as the fold stimulation (peak/basal).
phosphorylated to [3H]Ins(1,3,4,5)P4 (Fig. 9 A) . By 30 min,
20% of the Ins(1,4,5)P3 was phosphorylated to Ins(1,3,4,5)-
P4 and the remainder of the counts accumulated in degrada-
tion products of Ins(1,4,5)P3, namely 6.0 f 0.6% in InsP2,
15 f 1% in InsP,, and 6.2 f 0.7% in Ins. This is in con-
trast to studies reported in Xenopus oocyte homogenates in
which 30% of the added [3H]Ins(1,4,5)P3 was metabolized
to [3H]Ins(1,3,4,5)P4 after 8 min (35).
Figure 9. (A) Time course of
Ins(1,4,5)P3 metabolism. Oo-
cytes were injected with [3H]-
Ins(1,4,5)P3 (500 cpm/oocyte)
and incubated in MBS for
0-20 min. At the indicated
times, the oocytes (25/sam-
ple) were frozen on dry ice
after the addition of 10
perchloricacid, then extracted
and analyzed by HPLC. The
data are expressed as the per-
cent of the total counts and are
representative of threeexperi-
ments each performed in du-
plicate. (B) Time course of
Ins(1,3,4,5)P4 metabolism.
Oocytes were injected with
[3H]Ins(1,3,4,5)P4 (500 cpm/
oocyte) and incubated in MBS
for 0-20 min. At the indicated times, the oocytes (25/sample) were
frozen on dry ice after the addition of 10% perchloric acid, then
extracted and analyzed by HPLC. The data are expressed as the per-
cent of the total counts and are representative of threeexperiments
each performed in duplicate.
To determine whether Ins(1,3,4,5)P4-induced Caz+ re-
sponses could be attributed to Ins(1,4,5)P3 formation, we
injected [3H]Ins(1,3,4,5)P4 into follicular oocytes and fol-
lowed its metabolism by HPLC analysis. The metabolic
products formed from [3H]Ins(1,3,4,5)P4 were identified by
an HPLC method that fully resolves both isomers of inositol
trisphosphate (1) . Follicular oocytes metabolized [3H]Ins-
(1,3,4,5)P4 primarily to [3H]Ins(1,3,4)P3, with no detectable
formation of [3H]Ins(1,4,5)P3 for up to 10 min (Fig. 9 B),
which is considerably longer than the 2-min time span over
which we observed Ins(1,3,4,5)P4-induced Caz+ mobiliza-
tion. After 30 min, 10% of the [3H]Ins(1,3,4,5)P4 was
metabolized to Ins(1,3,4)P3, which subsequently underwent
further dephosphorylation to InsP2 (26 f 0.1%), InsP,
(16.2 f 1.0%), and Ins (7.2 f 0.1%) with only 1.6% con-
verted to [3H]Ins(1,4,5)P3. This is in contrast to studies
reported in Xenopus oocyte homogenates, in which 8.4 % of
the ['H]Ins(1,3,4,5)P4 was metabolized to [3H]Ins(1,4,5)P3
after 3 min (35) . These differences between inositol phos-
phate metabolism in injected oocytes compared with
homogenates is probably attributable to the loss of mem-
brane integrity and intracellular milieu of the intact oocyte
upon homogenization.
The finding that Ins(1,4,5)P3 was a very minor product of
Ins(1,3,4,5)P4 metabolism is in agreement with previous
findings in permeabilized adrenal cells, that Ins(1,3,4,5)P4
is predominantly dephosphorylated to Ins(1,3,4)P3 (1, 15),
which itself has no [Caz+];-mobilizing activity in the oocyte
(data not shown). Because of the marked difference in the
effect of extracellular Caz+ and the minute conversion of
[3H]-Ins(1,3,4,5)P4 to ['H]Ins(1,4,5)P3, Ins(1,3,4,5)P4 is likely
to exert its effects by interacting with an intracellular recep-
tor and not as a result of its metabolism to Ins(1,4,5)P3.
Discussion
These findings have provided direct evidence that All recep-
tors in Xenopus follicular oocytes are coupled to phos-
164phoinositide hydrolysis. The relatively small increase in
Ins(1,4,5)P3 production (100%) probably reflects its rapid
production and metabolism, while the inhibition of 5-phos-
phatase activity by lithium permits larger accumulations
(by 100-300%) of IP2 and Ins(1,3,4)P3 (Fig. 1). These
findings are generally similar to the characteristics of inosi-
tol phosphate production observed during All stimulation of
other cell types (2). In a recent report, McIntosh and McIn-
tosh (34) were unable to detect inositol phosphate produc-
tion upon stimulation of endogenous All receptors in Xeno-
pus oocytes. This apparent discrepancy with our results
probably reflects our selection ofoocytes from frogs that ex-
hibit high All responsiveness; we did not detect increases in
inositol phosphates in oocytes which responded less than
eightfold in the aequorin assay. Furthermore, we found that
injecting ['H]inositol rather than incubating oocytes with
[3H]inositol, and preincubating for 2 h with 40 mM lithium
chloride, were both necessary conditions for observing All-
mediated inositol phosphate production.
It is interesting that the AII-induced Cal+ signal is far
more robust than the corresponding Ins(1,4,5)P3 response,
at least as revealed by the formation of [3H]Ins(1,4,5)P3
(Fig. 1). We observed 10-100-fold changes in All-induced
aequorin responses compared with only two- to fourfold in-
creases in inositol phosphateproduction, which suggests that
very little Ins(1,4,5)P3 is required to release large amounts
of intracellular Ca2+ or that individual compartments of
Ins(1,4,5)P3-sensitive Ca2+ pools exist within the oocyte.
This latter suggestion is supported by the recent report of
Shapira et al. (47) which demonstrated that Xenopus oocytes
possess distinct subcellular Cal+ pools that couple selec-
tively to two different populations of membrane receptors.
The fact that considerable amounts of injected CaC12 are
required to evoke a detectable aequorin response (in contrast
to the large light responses to small amounts of Ins[1,4,5]-
P3) could reflect extensive binding or sequestration of mi-
croinjected Ca2+ that impedes contact with the Ca2+ indica-
tors. In contrast, [Ca2+], mobilization by Ins(1,4,5)P3 may
occur in regions that are more accessible to the indicators.
These findings are in agreement with electrophysiological
data in Xenopus oocytes in that Ins(1,4,5)P3 evokes far
greater chloride responses than 100-fold higher concentra-
tions of CaC12 (14, 40, 52, 54) . These findings are relevant
to the observation that the ER network of the Ca2+-induced
Ca2+ release system is not present in the oocyte, but de-
velops during its maturation to the egg (19) .
Our results indicate that heparin inhibits AII-induced
Ca2+ release in follicular oocytes by interacting specifically
with the amphibian Ins(1,4,5)P3 receptor. The dose re-
sponse curves of Ca2+ mobilization induced by AII (Fig. 2
B), Ins(1,4,5)P3 (Fig. 5 B), and Ins(2,4,5)P3 (Fig. 6 B)
were all shifted to the right in the presence of heparin, indi-
cating that heparin inhibits the Xenopus Ins(1,4,5)P3 recep-
tor in a competitive manner. Heparin does not interfere
with Ca2+ homeostasis per se, since it has no effect on
ionomycin-induced Call influx and mobilization (Fig. 4) at
concentrations which inhibit All- (Fig. 2), Ins(1,4,5)P3-
(Fig. 5), and Ins(2,4,5)P3- (Fig. 6) induced Ca2+ release.
The ability of GTP to evoke heparin-insensitive Ca2+ re-
lease (Fig. 7) supports the view that heparin's action is on the
Ins(1,4,5)P3-activated Ca2+ release mechanism, especially
since GTP and Ins(1,4,5)P3 have been shown to release
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Ca2+ from the same pool (10, 21) . These data are consistent
with observations that heparin does not alter other Ca2+
transport activities including the GTP-activated Ca2+ trans-
location process or any undefined passive Cat+ fluxes that
may contribute to the attainment of Cat+ equilibrium in
microsomes (20). Taken together, these results suggest that
heparin inhibits agonist-induced Cat+ mobilization in a
manner similar to its interaction with the mammalian
Ins(1,4,5)P3 receptor, suggesting conservation between the
two receptors. Furthermore, this is the first demonstration
that Xenopus oocytes possess a GTP-sensitive Ca2
+ pool
from which Ca2+ release can be triggered independently of
Ins(1,4,5)P3 and indicates that the Xenopus oocyte may
serve as'a valuable model for studying the regulation ofGTP
and Ins(1,4,5)P3-sensitive Cat+ pools. The advantage of the
Xenopus oocyte system lies in the ability to inject agents into
oocytes and follow agonist-induced Cat+ mobilization in an
intact cell, compared with studies using permeabilized cells
which couldlead to artifactual alteration ofintracellular con-
stituents resulting from the permeabilization process.
The ability of heparin to abolish AII-induced Cal+ re-
lease indicates that the [Ca2+]; response is completely de-
pendent upon Ins(1,4,5)P3 production. We have previously
demonstrated that All does not induce significant Ca2+ en-
try in Xenopus follicularoocytes even in the presence ofhigh
extracellular Ca2+ (45) . This was confirmed in the present
study with both aequorin and fura-2 (not shown) and is con-
sistent with the ability of heparin to block all of the detect-
able AII-induced light emission. It is possible that heparin
exerts other effects in addition to inhibiting the Ins(1,4,5)P3
receptor, since it is known to interfere with a variety ofphys-
iological processes. However, the findings that heparin com-
petitively inhibits Ins(1,4,5)P3 (Fig. 5 B) and Ins(2,4,5)P3-
(Fig. 6 B) induced Ca2+ release, but not Ca2+ (Fig. 3 B),
ionomycin (Fig. 4 B), or GTP- (Fig. 7 B) induced Call re-
lease, at concentrations that completely inhibit
All
re-
sponses (Fig. 2), are consistent with its selective inhibition
of the Xenopus oocyte Ins(1,4,5)P3 receptor.
We recently demonstrated that All receptors are located
on the surrounding follicular cells of Xenopus oocytes and
transfer signals to the oocyte via gap junctions, leading to
elevations of intraoocyte [Ca2+]; (45) . Two potential candi-
dates for this signal are Ins(1,4,5)P3 and Ca2+, both of
which can be transmitted through gap junctions in rat liver
hepatocytes (46). The fact that heparin completely inhibits
AII-induced Ca21 release (Fig. 2 B) at concentrations we
have shown to selectively inhibit the oocyte Ins(1,4,5)P3
receptor (Fig. 5 B), coupled with the demonstration that
heparin does not interfere with lightemission evoked by the
Ca2+ ionophore, ionomycin (Fig. 4 B), or by direct injec-
tion of Ca2+ into the oocyte cytoplasm (Fig. 3 B), indicates
that the Ca2+-mobilizing signal transferred from follicular
cells to the oocyte is not Ca2+ alone. However, our results
do not rule out the possibility that transfer of Ca2+ through
gap junctions could regulate the Ins(1,4,5)P3-evoked Ca2+
mobilization. Recently, Finch et al. (17) have demonstrated
that Ca2+ can induce sequential positive and negative feed-
back regulation of Ins(1,4,5)P3-induced Ca2+ release. Our
results also do not rule out the possibility that Ins(1,3,4,5)P,
could regulate Ins(1,4,5)P3-evoked Ca2+ mobilization as a
result of the capability of the oocyte to metabolize
Ins(1,4,5)P3 to Ins(1,3,4,5)P3 (Fig. 9) . The metabolism of
165Ins(1,4,5)P3 could lead to Ins(1,3,4,5)P4 transfer through
gap junctions and subsequent [Caz+]i mobilization in addi-
tion to Ins(1,4,5)P3-induced Caz+ release, either through
Ins(1,3,4,5)P4 binding and activating the Ins(1,4,5)P3 recep-
tor or by activating its own receptor.
In conclusion, the endogenous Al receptors of the follicle
cells surrounding Xenopus oocytes are coupled to activation
of phospholipase C, as demonstrated by the ability of All to
stimulate inositol phosphate productionin follicularoocytes.
The ability of heparin to block AII-induced elevations of
intra-oocyte Caz+, in a manner specific for the Ins(1,4,5)P3
receptor, indicates that [Caz+]i responses in the oocyte are
mediated by an Ins(1,4,5)P3-dependent mechanism. This
probably involves the transfer from follicular cells of Ins-
(1,4,5)P3, rather than Ca2+ or another signal molecule that
is independent of Ins(1,4,5)P3 production.
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Received for publication 8 August 1991 and in revised form 17 January
1992.
References
1. Balla, T., A. J. Baukal, G. Guillemette, R. O. Morgan, and K. J. Catt.
1986. Angiotensin-stimulated production of inositol trisphosphate
isomers andrapid metabolismthroughinositol4-monophosphate inadre-
nal glomerulosa cells. Proc. Mad. Acad. Sci. USA. 83:9323-9327.
2. Balla, T., A. J. Baukal, G. Guillemette, and K. J. Catt. 1988. Multiple
pathways ofinositol polyphosphate metabolism in angiotensin-stimulated
adrenal glomerulosa cells. J. Biol. Chem. 263:4083-4091.
3. Berridge, M. J., and R. F. Irvine. 1989. Inositol phosphates and cell sig-
nalling. Nature (Zond.). 341:197-205.
4. Blinks, J. R., F. G. Prendergast, and D. G. Allen. 1976. Photoproteins as
biological calcium indicators. Pharmacal. Rev. 28:1-93.
5. Bradford, P. G., and R. F. Irvine. 1987. Specific binding sites for
['Hlinositol(1,3,4,5)tetrakisphosphate on membranes of HL-60 cells.
Biochem. Biophys. Res. Commun. 149:680-685.
6. Brooker, G., T. Seki, D. Croll, and C. Wahlestedt. 1990. Calcium wave
evoked by activation ofendogenous or exogenously expressed receptors
in Xenopus oocytes. Proc. Natl. Acad. Sci. USA. 87:2813-2817.
7. Browne, C. L., H. S. Wiley, and J. N. Dumont. 1979. Oocyte-follicle cell
gapjunctions in Xenopus laevis and the effects of gonadotropin on their
permeability. Science (Wash. DC). 203 :182-184.
8. Catt, K. J., F. A. Mendelsohn, M. A. Millan, and G. Aguilera. 1984. The
role of angiotensin II receptors in vascular regulation. J. Cardiovasc.
Pharmacol. 6 (Suppl.) 4:575-586.
9. Catt, K. J., M. C. Carson, W. P. Hausdorf, C. M. Leach-Harper, A. J.
Baukal, G. Guillemette, T. Balla, and G. Aguilera. 1987. Angiotensin
II receptors and mechanisms of action in adrenal glomerulosa cells. J.
Steroid Biochem. 27:915-927.
10. Chueh, S. H., and D. L. Gill. 1986. Inositol 1,4,5-trisphosphate and gua-
nine nucleotides activate calcium release from endoplasmic reticulumby
a distinct mechanism. J. Biol. Chem. 261 :13883-13886.
11 . Cicirelli, M. F., K. R. Robinson, and L. D. Smith. 1983. Interna l pH of
Xenopus Oocytes: a study of the mechanism and role ofpH changes dur-
ing meiotic maturation. Dev. Biol. 100:133-146.
12. Crossley, I., K. Swann, E. Chambers, and M. Whitaker. 1988. Activation
ofsea urchin eggs by inositol phosphates is independent ofexternal cal-
cium. Biochem. J. 252:257-262.
13. Davidson, A., G. Mengod, N. Matus-Leibovitch, and Y. Oron. 1991 . Na-
tive Xenopus oocytes express two types of muscarinic receptors. FEBS
(Fed. Eur. Biochem. Soc.) Lett. 284:252-256.
14. DeLisle, S., K.-H. Krause, G. Denning, B. V. L. Potter, and M. J. Welsh.
1990. Effect of inositol trisphosphate and calcium on oscillating eleva-
tions of intracellular calcium in Xenopus oocytes. J. Biol. Chem.
265:11726-11730.
15. Ely, J. A., L. Hunyady, A. J. Baukal, and K. J. Catt. 1990. Inositol
1,3,4,5-tetrakisphosphate stimulates calcium release from bovine adrenal
microsomes by a mechanism independent of the inositol 1,4,5-
trisphosphate receptor. Biochem. J. 268:333-338.
16. Enyedi, P., B. Buki, I. Mucsi, and A. Spat. 1985. Polyphosphoinositide
metabolism in adrenal glomerulosa cells. Mol. Cell. Endocrinol.
41:105-112.
17. Finch, E. A., T. J. Turner, and S. M. Goldin. 1991. Calcium as acoagonist
of inositol 1,4,5-trisphosphate-induced calcium release. Science (Wash.
The Journal of Cell Biology, Volume 117, 1992
DC). 252:443-446.
18. Fluharty, S. J., Reagan, L. P., and M. M. White. 1991 . Endogenous and
expressed angiotensin II receptors on Xenopus oocytes. J. Neurochem.
56:1307-1311.
19. Gardiner, D. M., and R. D. Grey. 1983. Membrane junctions in Xenopus
eggs: theirdistribution suggests a role incalcium regulation. J. CellBiol.
96:1159-1163.
20. Ghosh, T. K., P. S. Eis, J. M. Mullaney, C. L. Ebert, and D. Gill. 1988.
Competitive, reversible, and potent antagonism of inositol 1,4,5-
trisphosphate-activated calcium release by heparin. J. Biol. Chem.
263:11075-11079.
21. Ghosh, T. K., J. M. Mullaney, F. I. Tarazi, and D. L. Gill. 1989. GTP-
activated communication between distinct inositol 1,4,5-trisphosphate-
sensitive and-insensitive calcium pools. Nature (Land.). 340:236-239.
22. Guillemette, G., S. Lamontagne, G. Boulay, and B. Mouillac. 1989.
Differential effects of heparin on inositol 1,4,5-trisphosphate binding,
metabolism, and calcium release activity in the bovine adrenal cortex.
Mol. Pharmacol. 35:339-344.
23. Guthrie, S. C., and N. B. Gilula. 1989. Gapjunctional communication and
development. Trends Neurosci. 12:12-16.
24. Hill, T. D., P.-O. Berggren, and A. L. Boynton. 1987. Heparin inhibits
inositol trisphosphate-induced calcium release from permeabilized rat
liver cells. Biochem. Biophys. Res. Comm. 149:897-901 .
25. Ji, H., K. Sandberg, A. J. Baukal, and K. J. Catt. 1989. Metabolism of
inositol pentakisphosphate to inositol hexakisphosphate in Xenopuslaevis
oocytes. J. Biol. Chem. 264:20185-20188.
26. Joseph, S. K., and H. L. Rice. 1989. The relationship between inositol
trisphosphate receptor density and calcium release in brain microsomes.
Mol. Pharmacol. 35 :355-359.
27. Joseph, S. K., C. A. Hansen, and J. R. Williamson. 1989. Inositol
tetrakisphosphate mobilizes calcium from cerebellum microsomes. Mol.
Pharmacol. 36:391-397.
28. Johnson, R. G., and J. D. Sheridan. 1971 . Junctions between cancer cells
in culture: ultrastructure and permeability. Science (Wash. DC). 174:
717-719.
29. Kusano, K., Miledi, R. and R. Stinnakre. 1982. Cholinergic and catechol-
aminergic receptors in the Xenopusoocyte membrane. J. Physiol (Land .) .
328:143-170.
30. Larsen, W. J., S. E. Wert, and G. D. Brunner. 1986. A dramatic loss of
cumulus cell gapjunctions is correlatedwithgerminal vesicle breakdown
in rat oocytes. Dev. Biol. 113 :517-521 .
31 . Lupu-Meiri, M., H. Shapira, and Y. Oron. 1988. Hemispheric asymmetry
of rapid chloride responses to inositol trisphosphate and calcium in Xeno-
pus oocytes. FEBS (Fed. Eur. Biochem. Soc.) Lett. 240:83-87.
32. Lupu-Meiri, M., Shapira, H., Matus-Leibovitch, N. and Y. Oron. 1990.
Two types of muscarinic responses in Xenopus oocytes 1. Differences in
latencies and "Ca efflux kinetics. Pflugers Arch. Ear. J. Physiol. 417:
391-397.
33. Matus-Leibovitch, N., Lupu-Meiri, M. and Y. Oron. 1990. Two types of
intrinsic muscarinic responses in Xenopus oocytes. Pflugers Arch. Eur.
J. Physiol. 417:194-199.
34. McIntosh, R. P., andJ. E. A. McIntosh. 1990. Diversit y in responses from
endogenous and expressed mammalian receptors which cause chloride
ion efflux from ovarian follicles of Xenopus laevis. Arch. Biochem. Bio-
phys. 283:135-140.
35. McIntosh, R. P., and J. E. A. McIntosh. 1990. Metabolism of the biologi-
cally active inositol phosphates Ins(1,4,5)P3 and Ins(1,3,4,5)P4 by ovar-
ian follicles of Xenopus laevis. Biochem J. 268:141-148 .
36. Morris, A . J., K. J. Murray, P. J. England, C. P. Downes, and R. H.
Michell. 1988 . Partia l purification and some properties ofrat brain inosi-
tol 1,4,5-trisphosphate 3-kinase. Biochem, J. 251 :157-163.
37. Mullaney, J. M., S . H. Chueh, T. K. Ghosh, andD . L. Gill. 1987. Intracel-
lular calcium uptake activated by GTP. J. Biol. Chem. 262:13865-
13872.
38. Nilsson, T., J. Zwiller, A. L. Boynton, andP.-O. Berggren. 1988. Heparin
inhibits IP3-induced Cat` release in permeabilized pancreatic Q-cells.
FEBS (Fed. Eur. Biochem. Soc.) Lett. 229:211-214.
39. Ozaki, Y., Y. Yatomi, T. Kariya, and S. Kume. 1989. Correlation ofintra-
cellular and extracellular calcium ion concentrations with synergy be-
tween 1,2-dioctanoyl-sn-glycerol and ionomycin in platelet arachidonic
acid mobilization. Biochim. Biophys. Acta. 1021 :87-96.
40. Parker, I., and R. Miledi. 1986. Changes in intracellular calcium and in
membranecurrents evoked by injection ofinositol trisphosphate in Xeno-
pus oocytes. Proc. R. Soc. Lond. B. Biol. Sci. 228:307-315.
41 . Parker, I., and R. Miledi. 1987. Injection of inositol 1,3,4,5-tetrakisphos-
phate into Xenopus oocytes generates a chloride current dependent upon
intracellular calcium. Proc. R. Soc. Lond. B. Biol. Sci. 232:59-70.
42. Peterson, O. H. 1989. Does inositol tetrakisphosphate play a role in the
receptor-mediated control of calcium mobilization? Cell Calcium.
10:375-383.
43. Rieske, E., P. Schubert, and G. W. Kreutzberg. 1975. Transferofradioac-
tive material between electrically coupled neurons of the leech central
nervous system. Brain Res. 84:365-382.
44. Sandberg, K., A. J. Markwick, D. P. Trinh, and K. J. Catt. 1988. Calcium
mobilization by angiotensin II and neurotransmitter receptors expressed
166in Xenopus laevis oocytes. FEBS (Fed. Ear. Biochem. Soc.) Lett.
241:177-180.
45. Sandberg, K., M. Bor, H. Ji, A. J. Markwick, M. A. Millan, and K. J.
Catt. 1990. Angiotensin II-induced calcium mobilization in oocytes by
signal transferthrough gapjunctions. Science (Wash. DC). 249:298-301.
46. Saez, J. C., J. A. Connor, D. C. Spray, and M. L. Bennett. 1989. Hepato-
cytegapjunctions are permeable to the second messenger, inosito11,4,5-
trisphosphate, and to calcium ions. Proc. Natl. Acad. Sci. USA.
86:2708-2712.
47. Shapira, H., M. Lupu-Meiri, M. C . Gershengorn, and Y. Oron. 1990. Ac-
tivation oftwo different receptors mobilizes calcium from distinct stores
in Xenopus oocytes. Biophys. J. 57:1281-1285.
48. Shears, S. B., D. J. Storey, A. J. Morris, A. B. Cubilt, J. B. Parry, R. H.
Mitchell, and C. J. Kirti. 1987. Dephosphorylationofmyo-inositol 1,4,5-
trisphosphate and myo-inositol 1,3,4-trisphosphate. Biochem. J. 242:
393-402.
49. Sherizly, I., D . Galiani, and N. Dekel. 1988. Regulation ofoocyte matura-
tion: communication in the ratcumulus-oocyte complex. Human Reprod.
(Eynsham). 3:761-766.
50. Simpson, I., B. Rose, and W. R. Loewenstein. 1977. Size limit of mole-
cules permeating the junctional membrane channels. Science (Wash.
DC). 195:294-296.
51. Smith, J. B., L. Smith, and B. L. Higgins. 1985. Temperature and nucleo-
tide dependence of calcium release by myo-inositol 1,4,5-trisphosphate
in cultured vascular smooth muscle cell. J. Biol. Chem. 260:14413-
14416.
52. Snyder, P. M., K. H. Krause, and M. J. Welsh. 1988. Inositol trisphos-
phate isomers, but notinositol 1,3,4,5-tetrakisphosphate, induce calcium
Sandberg et al. Signaling between Follicle Cells gnd Oocytes
influx in Xenopus laevis oocytes. J. Biol. Chem. 263:11048-11051 .
53. Spat, A., P. G. Bradford, J. S. McKinney, R. P. Rubin, and J. W. Putney,
Jr. 1986. A saturable receptor for "P-inositol-1,4,5-trisphosphate in he-
patocytes and neutrophils. Nature (tond.). 308:693-698.
54. Stith, B. J., and W. R. Proctor. 1989. Microinjection of inositol 1,2-
(cyclic)-4,5-trisphosphate, inositol 1,3,4,5-tetrakisphosphate, and inosi-
tol 1,4,5-trisphosphate into intact Xenopusoocytes can induce membrane
currents independent of extracellular calcium. J. Cell Biochem.
40:321-330.
55 . Supattapone, S., P. F. Worley, J. M. Baraban, and S. H. Snyder. 1988.
Solubilization, purification, and characterization of an inositol trisphos-
phate receptor. J. Biol. Chem. 263:1530-1534.
56. Theibert, A. B., S. Supattapone, P. F. Worley, J. M. Baraban, J. L. Meek,
and S. H. Snyder. 1987 . Demonstration ofinositol 1,3,4,5-tetrakisphos-
phate receptor binding. Biochem. Biophys. Res. Commun. 148:1283-
1289.
57. Tones, M. A., M. D. Bootman, B. F. Higgins, D. A. Lane, G. F. Pay,
and. U. Lindahl. 1989. The effect of heparin on the inositol 1,4,5-
trisphosphate receptor in rat liver microsomes. FEBS (Fed. Eur. Bio-
chem. Soc.) Lett. 252:105-108.
58. Woodward, R. M., and Miledi, R. 1991. Angiotensin II receptors inXeno-
pus oocytes. Proc. R. Soc. Lond. B. Biol. Sci. 244:11-19.
59. Worley, P. F., J. M. Baraban, S. Supattapone, V. S. Wilson, and S. H.
Snyder. 1987. Characterization ofinositol trisphosphate receptorbinding
in brain. J. Biol. Chem. 262:12132-12136.
60. Yatomi, Y., M . Higashihara, Y. Ozaki, S. Kume, and K. Kurokawa. 1990.
Intracellular ionized calcium mobilization of CD 9monoclonal antibody-
activated human platelets. Biochem. Biophys. Res. Comm. 171 :109-115.
167